We investigated the distribution of oxytocin in rat spinal cord using immunocytochemistry and radioimmunoassay (RIA). Each segment of the spinal cord from cervical to coccygeal contained oxytocinimmunoreactive fibers. The Rexed laminae I and II of the dorsal horn showed moderate to intense immunoreactivity. A dense network was found around the central canal where some fibers apposed the ependyma. The autonomic centers of the spinal cord at the thoracolumbar and sacral segments were heavily innervated. Few fibers were found around the motoneurons. In the white matter, the immunoreactivity was localized mainly in the dorsal part of the lateral funiculus, in the pars funicularis of the nucleus intermediolateralis and in a longitudinal network of the lateral funiculus below the spinal cord surface. Some fibers from this network entered the pia mater. RIA measurements revealed that the cervical spinal cord had lower oxytocin content than that found in either the thoracic, lumbar, sacral or coccygeal region. Our results show that the distribution of oxytocin-immunoreactive fibers in the spinal cord correlates with anatomic locations related to nociceptive, autonomic and motor functions. We assume that oxytocincontaining axons play a role in secreting oxytocin directly into the liquor space of the spinal cord.
INTRODUCTION
Oxytocin is a neuropeptide synthesized mainly in the paraventricular and supraoptic nuclei of the hypothalamus. As one of the classical neurohormones, oxytocin is transported to the neurohypophysis where it is stored and released to the blood circulation. It plays an important role in neuroendocrine regulation of parturition and lactation [35, 37] . Previous studies have revealed that oxytocin is present not only in the hypothalamo-neurohypophyseal system, but is also located in other areas of the central nervous system, including the spinal cord [4-5, 15, 37, 41] . A growing body of knowledge has been accumulated on the origin, putative roles and regulation of oxytocin in the spinal cord. The majority of oxytocin-containing fibers in the spinal cord were shown to arise from the hypothalamic paraventricular nucleus [12-13, 18, 34, 43] . Hosoya et al. reported that oxytocinergic fibers descending from the paraventricular nucleus make contacts with preganglionic neurons in the rat spinal cord, using a combination of retrograde cell body labelling and immunocytochemistry [14] . Rousselot et al. described oxytocinergic terminals in the dorsal horn, central gray and intermediolateral column by means of electron microscopic immunocytochemistry [31] . The distribution of the oxytocinergic hypothalamo-spinal neuronal projections shows an overlap with that of the spinal oxytocin receptors [19, 29, 42] supporting the view that oxytocin acts as a neurotransmitter in the central nervous system [6, 28] . Several lines of evidence suggest that central oxytocin is an endogenous modulator of various spinal functions. It has been shown to induce spinal antinociception through activation of oxytocin receptors [2, 7, 30, 44, 46] . In addition, several studies indicate the involvement of oxytocin in the regulation of spinal autonomic functions: it can inhibit sympathetic preganglionic neurons of the spinal cord [11] , plays an important role in the control of penile erection and male sexual behaviour [1] , mediates the pupillary dilatation response to vaginocervical stimulation [33] , modulates the micturition reflex [25] as well as uterine motility [3] , and it can increase the heart rate and renal sympathetic activity [45] . Experiments have also been directed at defining physiological and pharmacological stimuli that can alter the spinal levels of oxytocin. Spinal oxytocin displays cyclic variations during the stages of the rat estrous cycle, suggesting that it may be regulated by ovarian hormones [22] . Evidence has been provided for a direct estrogen-dependent release of oxytocin within the spinal cord in response to vaginocervical stimulation [32] . Various other stimuli, such as immobilization stress [23] , isotonic or hypertonic saline [21] and histamine [16] also affect the oxytocin content in the spinal cord. In addition, oxytocin release from spinal cord synaptosomes seems to be under inhibitory control of opioid peptides [8] .
Although several studies have reported the localization of oxytocin-and/or neurophysin-immunoreactive fibers in the rat spinal cord [4, 10, 17, 24, 36, 38, 39, 41] , most of them lack a detailed analysis of their segmental distribution. A truly detailed and comprehensive study was reported by Swanson and McKellar [41] , although they demonstrated only neurophysin I (the carrier protein of oxytocin) staining, presumably due to more intense staining obtained for neurophysin as compared to oxytocin. In this paper, we present the distribution of oxytocin-immunoreactive neuronal elements in the rat spinal cord, using a specific oxytocin antibody for light and electron microscopic immunocytochemical localization and quantitation by RIA.
The experiments were carried out on 12 male CFY rats weighing 200-310 g. The animals were anaesthetized with sodium pentobarbital and perfused through the heart with isotonic saline solution followed by 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). The spinal cords were then removed and kept in the same fixative for 4-5 hours. Transverse and horizontal sections 50-70 µm thick were cut on a Vibratome (Oxford Instruments). Oxytocin was localized by means of the peroxidase-antiperoxidase (PAP) method [40] , using a rabbit antiserum to oxytocin (kindly provided by Prof. Tj. B. Van Wimersma Greidanus, Utrecht, The Netherlands). Briefly, the following incubations were performed: (1) 10% normal goat serum containing 1.5% Triton X-100 for 30 minutes at room temperature (RT), (2) rabbit antiserum to oxytocin (diluted 1/2000) containing 1% normal goat serum and 1.5% Triton X-100 for 40-48 hours at 4 °C, (3) goat antiserum to rabbit IgG (diluted 1/20; Serono) for 2 hours at RT, (4) rabbit PAP (diluted 1 : 50; Human Oltóanyagtermelő Vállalat, Budapest) containing 1% normal goat serum for 2 hours at RT, and (5) 0.05% 3,3'-diaminobenzidine tetrahydrochloride containing 0.005% H 2 O 2 for 5-15 minutes at RT. All reagents were diluted in 0.1 M Tris-saline, pH 7.6. Between the successive incubations, sections were washed with 0.1 M Tris-saline, pH 7.6 at RT. After visualization of the immunoreactivity in step [5] , sections were washed, mounted, Nissl-counterstained in some cases, dehydrated, cleared in xylene and coverslipped. When the specificity of the staining was tested, no staining could be found after replacement of the primary antiserum by normal rabbit serum at the same dilution. In immunohistochemical blocking experiments, consecutive sections were incubated with either anti-oxytocin serum or anti-oxytocin serum preincubated with arginine vasopressin or oxytocin for 24 hours at 4 °C. Preincubation of the diluted antiserum with as little as 20 µM oxytocin produced a complete blockade of staining, whereas as much as 200 µM arginine vasopressin did not influence the immunoreactivity.
Electron microscopic immunocytochemistry
Four male CFY rats, weighing 200-310 g were anaesthetized with sodium pentobarbital and perfused through the heart with isotonic salt solution followed by a fixative containing 4% paraformaldehyde and 0.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4). Subsequently, the spinal cords were removed and kept in the same fixative for 4-5 hours. For preembedding staining, 40-50 µm thick cross-sections were cut with Vibratome. The sections were infiltrated with 30% sucrose, rapidly frozen in liquid nitrogen and thawed in 0.1 M phosphate buffer. Oxytocin immunoreactivity was localized by means of the PAP method as described above. The Vibratome sections were osmicated, dehydrated and embedded in Durcupan (Fluka). Finally, ultrathin sections were made and examined under the electron microscope.
Radioimmunoassay
Twenty male CFY rats of 220-250 g body weight were decapitated and their spinal cords were quickly dissected into cervical, thoracic, lumbar, sacral and coccygeal regions. Tissue samples were sonicated in ice-cold 1.0 M HCl. Subsequently, phosphate buffer was added and the pH was adjusted to 4.0. An aliquot of the homogenate was kept for determination of the protein content [20] . The remainder was centrifugated, and oxytocin was extracted from the supernatant using thermally activated Vycor glass powder. The evaporated residues of the extraction were redissolved in RIA buffer. Oxytocin was determined in duplicate by RIA. Details of the assay procedure has been described elsewhere [9] . The same antiserum to oxytocin was used as that for immunocytochemistry. The antiserum was highly specific, its cross-reactivity with arginine vasopressin being less than 0.1%, and that with arginine vasotocin less than 0.01%. The limit of detection was 2 pg oxytocin per assay tube. Oxytocin concentrations were given in pg/mg protein. Data are expressed as mean ± SE. Results were calculated statistically by two-way ANOVA without interaction, followed by Scheffe's test for multiple comparison.
RESULTS

Light microscopic immunohistohemistry
Each segment of the spinal cord contained oxytocin-immunoreactive fibers. However, no cell bodies were labelled. The schematic distribution of oxytocin-immunoreactive fibers is presented in Fig. 1 . In the gray matter, the most intense immunoreactivity was observed at C 8 -T 4 and T 13 -L 4 levels. The superficial dorsal horn (Rexed laminae I and II) displayed moderate to intense immunoreactivity throughout the entire spinal cord. Immunoreactive fibers were found mainly in the marginal zone (Rexed lamina I) with extensions into the subjacent laminae II and III. A longitudinally oriented network of labelled fibers was detected around the central canal ( Fig.  2A, B ). The strongest labelling was observed in the upper and lower thoracic, and lumbar segments. Some fibers were seen to closely appose the ependymal layer. A preferential accumulation of labelled fibers was observed in the dorsal gray commissure ( Figs 2B, 3A) in the thoracic, lumbar and upper sacral spinal cord. At the same levels, strong patchy accummulations of fibers were found in the intermediolateral column (Fig. 3B, C, D, E) . These immunoreactive patches were interconnected by a network of horizontally running fibers (Fig. 3B, D) . The perikarya of the preganglionic autonomic areas seemed to be surrounded by immunoreactive fibers ( Figs  2B, 3E ). In the lamina VII of segments C 8 -T 4 and T 13 -L 4 , strong immunoreactive bundles at irregular intervals coursed between the dorsal gray commissure and the intermediolateral column (Fig. 3A, B) . This location corresponded to the area of nucleus intercalatus spinalis; for designation of specific autonomic nuclei, see Petras and Cummings [26] . Fibers around motoneurons of the anterior horn were labelled In the white matter, the majority of labelled fibers were detected in the dorsal part of the lateral funiculus in the entire spinal cord (Fig. 4C, D) . We frequently observed stained fibers in the Lissauer's tract in all spinal segments (Fig. 4C) . Some of these fibers were found to enter the marginal zone of the dorsal horn. Fibers were often extending between the dorsal part of the lateral funiculus and superficial dorsal horn, Lissauer's tract, intermediolateral column and dorsal gray commissure. In the lateral funiculus, reactive fibers were seen to leave the intermediolateral column and appear around the preganglionic neurons of the pars funicularis of nucleus intermediolateralis (Fig. 4A) . Numerous fibers formed a longitudinally oriented network observed in horizontal sections. This network was the densest below the pia mater, and some fibers did enter it (Fig. 5A, B) . Oxytocin-immunoreactive fibers were also seen close to the subarachnoid space at the Lissauer's tract and dorsal part of the lateral funicu- lus (Fig. 4C, D) . Occasional fibers were labelled in the anterior funiculus (Fig. 4B) , mostly in the lumbar segments. These fibers entered the anterior funiculus from the network around the central canal, and a few of them run to the surface of the ventral median fissure (Fig. 4B) . The posterior funiculus contained only a few scattered reactive fibers. In horizontal sections of the spinal cord longitudinally oriented oxytocin-immunoreactive networks were detected around the central canal ( Fig. 2A) , in the dorsal gray commissure (Fig. 3A) , superficial dorsal horn, Lissauer's tract, dorsal part of the lateral funiculus and lateral funiculus (Fig. 5B) . 
Electron microscopic immunocytochemistry
Electron microscopic examination of ultrathin sections revealed numerous immunoreactive axonal profiles and terminals in the lamina X of the spinal cord. Oxytocin-immunoreactive terminals formed axo-dendritic synapses (Fig. 6A) , some of which were located very close to the ependyma. However, axo-somatic synaptic contacts with presumptive neuronal cell bodies were rarely observed (Fig. 6B) . Figure 6A shows an immunoreactive axon that makes synaptic contact with a dendritic profile (*). In Fig. 6B , an immunoreactive terminal (arrow) forms a synapse with a cell soma in the ependymal layer of the central canal (shown at higher magnification in the inset). Abbreviations: astro, astrocyte; Ep, ependyma
Radioimmunoassay
Our RIA measurements revealed that oxytocin was concentrated in the caudal regions of the spinal cord. The oxytocin content in the cervical spinal cord was significantly lower than those found in the thoracic, lumbar, sacral and coccygeal regions. The highest quantity was measured in the lumbar spinal cord (Table 1) .
DISCUSSION
We investigated the distribution of oxytocin-immunoreactive neuronal elements in the rat spinal cord, using immunocytochemistry and RIA. Our results show that oxytocin is localized exclusively in axons, and the distribution of oxytocin-immunoreactive fibers in the spinal cord correlates with structures related to nociceptive, autonomic and motor functions. The oxytocin-immunoreactive fibers clearly display segmentally uneven distribution. The significant rise in oxytocin content in the thoracic, lumbar and sacral segments is associated with the dense innervation of spinal autonomic centers. In accordance with previous investigations of Swanson and McKellar [41] , we conclude that the preferential sites of accumulation of oxytocin-containing fibers in the spinal cord bear close resemblance to the locations of sympathetic and parasympathetic preganglionic neurons, suggesting oxytocinergic modulation of autonomic functions. An important finding of this study is that oxytocin-containing fibers innervate the nucleus intermediolateralis pars funicularis in the lateral funiculus, which has not been noticed by previous investigators.
Acta Biologica Hungarica 60, 2009 Our results demonstrate that oxytocin-immunoreactive fibers get close to the internal and external liquor spaces of the spinal cord. Although at the light microscopic level, many fibers seemed to appose the ependyma of the central canal, the electron microscopic immunocytochemistry revealed only occasional synaptic contacts with presumptive neuronal perikarya in the ependymal layer. Our experiments also showed that some fibers from the lateral funiculus entered the pia mater. In the study of Swanson and McKellar [41] , neurophysin I-stained fibers were found adjacent to the ependyma of the central canal in the rat. Furthermore, the authors found immunoreactive fibers in the pia-arachnoid surrounding the filum terminale of the monkey. To our knowledge, however, no oxytocin-containing fibers have been reported in the pia mater of the rat spinal cord. The close proximity of oxytocin-containing fibers to the spinal liquor spaces suggests that their terminals may release oxytocin into the cerebrospinal fluid. This possibility is supported by physiological experiments in which electrical stimulation of the hypothalamic paraventricular nucleus yielded increased concentration of oxytocin in perfusates obtained from the subarachnoid space of the spinal cord [27] .
